Abstract Osteocytes comprise the overwhelming majority of cells in bone and are its only true ''permanent'' resident cell population. In recent years, conceptual and technological advances on many fronts have helped to clarify the role osteocytes play in skeletal metabolism and the mechanisms they use to perform them. The osteocyte is now recognized as a major orchestrator of skeletal activity, capable of sensing and integrating mechanical and chemical signals from their environment to regulate both bone formation and resorption. Recent studies have established that the mechanisms osteocytes use to sense stimuli and regulate effector cells (e.g., osteoblasts and osteoclasts) are directly coupled to the environment they inhabit-entombed within the mineralized matrix of bone and connected to each other in multicellular networks. Communication within these networks is both direct (via cell-cell contacts at gap junctions) and indirect (via paracrine signaling by secreted signals). Moreover, the movement of paracrine signals is dependent on the movement of both solutes and fluid through the space immediately surrounding the osteocytes (i.e., the lacunar-canalicular system). Finally, recent studies have also shown that the regulatory capabilities of osteocytes extend beyond bone to include a role in the endocrine control of systemic phosphate metabolism. This review will discuss how a highly productive combination of experimental and theoretical approaches has managed to unearth these unique features of osteocytes and bring to light novel insights into the regulatory mechanisms operating in bone.
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Introduction: Cellular Effectors and Controllers in Bone Remodeling
Osteocytes are the most abundant cell type in bone and arguably the least well understood. The technical advances that greatly accelerated research into osteoblast and osteoclast biology in the 1970s and 1980s, such as the identification of cell type-specific markers, development of techniques for bone cell isolation and culture, and the establishment of phenotypically stable cell lines [1] [2] [3] , have only lately proved fruitful for osteocytes. Until the last decade, osteoblasts and osteoclasts-the effector cells that carry out bone formation and resorption-remained the focus of research aimed at understanding bone modeling and remodeling. While those studies yielded a wealth of information, it has become increasingly appreciated that control of these processes is concerned less with regulating the activities of the effector cells than with determining when and where they are produced in the first place. Both osteoclasts and osteoblasts, after all, are formed from their respective progenitor cells only ''on demand'' when required to reshape (''model'') bone in response to altered mechanical demands or to remove and replace (''remodel'') bone that has outlived its usefulness. The cells that process the cues and trigger the initiation of bone resorption or formation must therefore be present in bone before the effector cells are formed. Consistent with this recognition, a growing body of evidence now supports the concept that the osteocyte is the principal cell type responsible for integrating the mechanical and chemical signals that govern modeling and remodeling and control the onset of both bone resorption and formation. In addition, more recent studies demonstrate that osteocytes exert regulatory influences beyond the borders of bone by participating in endocrine pathways that regulate phosphate metabolism.
This review will summarize the data implicating osteocytes as major regulatory cells in bone and will focus particularly on the way their unique local environment inside the mineralized matrix of bone permits them to play that role. We will first consider some general features of osteocytes, their environment, and the implications of that environment for osteocyte function. Second, we will address osteocytes as mechanosensors and the potential mechanisms available for detecting the mechanical status of bone. Third, we will consider potential mechanisms of osteocyte communication with each other and with other bone cell types (osteoblasts, osteoclasts, and bone lining cells) in how they relate to the control of bone formation and resorption. Finally, we will discuss recent evidence implicating osteocytes as participants in an endocrine pathway governing systemic phosphate metabolism.
Osteocytes and Their Pericellular Space: The Constraints of Living in a Cave
Osteocytes are former osteoblasts that become surrounded by unmineralized matrix (osteoid) during bone formation; they make up 90-95 % of the adult bone cell population. The complex phenotypic transition from osteoblast to osteocyte has been reviewed recently [1] . A major feature of the transition, however, is a dramatic shift in both shape and function from a cuboidal cell specialized for active secretion of extracellular matrix to a dendritic cell with a small cell body and numerous long, slender processes that connect to their neighbors-both nearby osteocytes and cells on the surface of bone, i.e., osteoblasts and bone lining cells [2] [3] [4] . The network of interconnected osteocytes is visible as the lacunae (holes in bone matrix occupied by osteocyte cell bodies) and canaliculi (channels in bone that surround the osteocyte processes) that constitute perhaps the most distinctive morphological feature of bone tissue at the microscopic level. Formation of osteocyte processes begins before the bone matrix mineralizes [3] . The specific mechanisms have yet to be fully elucidated in vivo. However, they appear to be dynamic and regulated [5] . Osteocytes in vitro, for example, can elongate their cell processes by secreting E11/ gp38 dendritic proteins in response to fluid shear stress [6] . Matrix metalloproteinases are also required to complete the extension of processes through bone matrix. Holmbeck and colleagues showed that transgenic mice lacking membranetype matrix metalloproteinase 1 (MT1-MMP or MMP-14) form osteocyte processes but never develop pericellular space around them [7] . Inoue et al. also demonstrated that MMP-2 is essential for the formation of osteocyte canaliculi and networks in calvarial bone [8] .
Once the osteoid mineralizes, the osteocytes are trapped in place and remain buried for the rest of their lives. However, residing in such a restrictive environment does not appear to prevent some of them from living long lives. Osteocytes in interstitial lamellae and other regions of bone that are not subject to wholesale turnover by remodeling often survive throughout the life of the organism. For example, inner ear bones (bones that do not undergo remodeling) of 95-year-old humans lost about half of their osteocytes, indicating that the surviving osteocytes in the bone were approximately as old as the individual [9] . By contrast, the same study showed that about 30 % of osteocyte lacunae were empty in rib bones, a bone that undergoes remodeling throughout life.
Osteocytes also experience other constraints as a result of their site of residence. First, direct contact of osteocytes with other cells is limited to the tips of their processes and does not occur along extended cell-cell borders, as in tissues where cells are closely packed in two or three dimensions. As a result, the number of cell contact-mediated reception sites is proportional to the number of processes. Moreover, signals received at the tip of a process must travel a considerable distance to reach the bulk of cellular machinery in the cell body. In this respect, signal transmission among osteocytes may resemble that within dendritic trees of nerve cells. (Interestingly, osteocyte processes also contact the mineralized matrix surrounding them at occasional points [10, 11] , a feature that will be discussed further below, see ''Osteocytes as Mechanosensors''). Second, only a narrow pericellular fluid space separates osteocyte cell bodies and processes from a mineralized bone matrix that is sparingly permeable to fluid and solutes. The pericellular space within the lacunarcanalicular system (LCS) of an osteocyte network is, however, continuous with the periosteal, intracortical, and endocortical envelopes since the osteocytes also contact lining cells or osteoblasts on bone surfaces [12] . As such, it constitutes the principal, if not sole, conduit through which nutrients and wastes can move between osteocytes and the rest of the body. In addition, fluid movement through the LCS is a means by which osteocytes sense global tissue mechanical loading, as detailed below (see ''Osteocytes as Mechanosensors''). Briefly, both osteocyte cell bodies and cell processes are subject to fluid flows and forces generated by loading, and several mechanisms have been proposed to explain the ability of osteocytes to sense them. In summary, however, the movement of fluids and solutes through the pericellular space of the LCS appears to impact virtually every aspect of osteocyte function.
The pericellular space between the osteocyte cell body and the lacunar wall is approximately 0.5-1 lm in width [13] , while the membranes of osteocyte processes are separated from the canalicular walls by an ''annular'' space in the range of 50-100 nm [13] . These dimensions were determined from ultrastructural studies carried out under conditions used to study cartilage to prevent cell shrinkage and proteoglycan collapse. The composition of the pericellular fluid has not been precisely defined. However, it likely resembles that in articular cartilage in terms of its ionic composition and may well contain a diverse array of macromolecules, some of which are the products of osteocytes. Osteocytes synthesize several bone matrix noncollagenous proteins including osteopontin (OPN), osteocalcin (OCN), and dentin matrix protein 1 (DMP1), as well as proteoglycans and hyaluronic acid (HA) [14, 15] . Osteocytes have also been reported to produce several cytokines (discussed in later sections entitled ''Paracrine Signaling by Small (Short-Range) Metabolites'' and ''Paracrine Signaling by Macromolecules''). One function of macromolecules within the LCS is to maintain the patency of the fluid space, a process that appears to require active cellular participation since osteocyte lacunae and canaliculi mineralize after osteocytes die [16] . OPN and DMP1 have the capacity to bind calcium and to inhibit mineralization, so they are likely candidates for this role [17] [18] [19] . Perlecan also may contribute to maintaining open LCS channels since mice lacking this proteoglycan were recently found to exhibit unusually narrow canaliculi [14] .
The organization of proteoglycans within the LCS is a matter of particular interest. Experience with cartilage had demonstrated that traditional means of processing for electron microscopy led to the collapse of GAG chains in matrix proteoglycans and thus produced highly inaccurate representations of the space occupied by the proteoglycans [10] . A consequence of the use of structure-preserving tissue-processing methods in the study by You et al. [13] was the novel demonstration that osteocyte cell bodies were surrounded by a rather disorganized pericellular matrix and that osteocyte processes in canaliculi exhibited discrete fibrous connections to the canalicular walls, termed ''tethers,'' at regularly spaced intervals. The presence of tethering elements (if not their number and molecular identity) had been predicted previously on theoretical grounds as a means to explain the mechanoresponsiveness of osteocytes (discussed in greater detail below, see ''Osteocytes as Mechanosensors'') [13] . While the molecular identity of the tethers has yet to be established, proteoglycans are likely to be a crucial element. In fact, perlecan is a reasonable candidate since the length of its core protein is similar to that of the annular space [20] .
The presence of tethers, proteoglycans, and other macromolecules within the LCS suggests that movement of both fluids and solutes would be restricted to some extent, and this has been verified experimentally. The permeability of the LCS to fluorescein, a low-molecular weight dye, was found to be similar to that of articular cartilage [21] . Solute transport through the LCS occurs both by diffusion and by convection. Diffusion depends on solute concentration gradients, while convection results because the fluid itself moves through the pericellular space. Since fluid is incompressible, deformation of bone under mechanical load forces it to flow (like squeezing a sponge), as demonstrated by Piekarski and Munro [22] . Major sources of mechanical load driving convective fluid flow through the LCS (in both directions) are muscular action and reaction forces due to physical activity [22, 23] . The permeability characteristics of the bone LCS have been interrogated extensively by Fritton, Knothe-Tate, Wang, and other investigators, primarily using fluorescent solutes of differing molecular dimensions [19, [24] [25] [26] . Their results indicated that solute movement is highly dependent on size; small solutes under 1 kDa or roughly 1 nm diameter (e.g., steroid hormones, glucose, ATP, NO, CO 2 , and O 2 ) move easily by diffusion in the fluid space [19, 21, 24, 27, 28] , while larger solutes in the range of 10-70 kDa or up to 6 nm diameter (e.g., growth factors, hormones, and cytokines like parathyroid hormone [9.5 kDa], sclerostin [24 kDa] , and RANKL [35 kDa]) require convective transport [19, 24, [29] [30] [31] . Molecules greater than 70 kDa (such as monoclonal antibodies) were effectively excluded from the LCS [19] . From the example molecules identified above, potential osteocyte signaling pathways utilizing secreted messengers of various sizes may exhibit different dependencies on fluid movement through the LCS. It also follows that their movements will depend on the composition/organization of the pericellular matrix. How pericellular matrix composition and organization are regulated on a day-to-day basis and whether they vary between cortical and cancellous bone or with changes during aging and disease are not known.
Osteocytes as Mechanosensors
Bone has historically been recognized as an exquisitely mechanosensitive tissue, as exemplified by the long histories of manipulating bone structure by the application of forces in orthopedics and orthodontics well before the studies of M. B. Schaffler et al.: Osteocytes 7 Julius Wolff and Rudolf Virchow in the nineteenth century [32] . Equally long-standing, however, is the mystery of how bone recognizes and responds to mechanical loading. Even as osteocytes became recognized as the critical sensors of mechanical loading in bone over the last decade, investigators of mechanobiology at the cellular level have been faced with a multitude of choices to explain the mechanisms that might account for their mechanosensitivity. Virtually all cells are intrinsically sensitive to mechanical stresses produced by a range of stimuli including substrate deformation, fluid shear, or changes in hydrostatic pressure; and osteocytes experience all of these stimuli to some degree. During normal physiological loading (e.g., walking), interstitial fluid pressure causes flow into and out of the LCS and produces shear stresses along osteocyte membranes [22, 23] . Changes in interstitial hydrostatic pressure also result [33, 34] , as does deformation of bone matrix itself [35] , though the rigidity of the tissue indicates that such deformations are very small [36, 37] . Physiological tissue strain experienced by bone ranges from 400 to 3000 microstrain (le, 0.04-0.3 %) [36, 37] , with the vast majority of in vivo loading occurring at the low end of this range [37] . However, mechanical strains that elicit biological responses from osteocytes in vitro range from 5000 to 10,000 le (5-10 %) [38, 39] , similar to all connective tissue cells in vitro. Moreover, bone typically breaks at approximately 1 % strain [40] . Thus, it is unrealistic for healthy osteocytes to be experiencing such high strains in vivo. These findings imply that osteocytes must experience something very different from mechanical strain at the cellular level in situ. Recent evidence from both in vivo and in vitro studies now appears to support the concept that mechanical loading-induced fluid flow in the LCS is likely the predominant force that osteocytes recognize and respond to by regulating bone modeling and/or remodeling activity [38] .
Nearly two decades ago, Weinbaum et al. [23] recognized that the fluid shear stress experienced by osteocyte processes was of the same order of magnitude as that experienced by endothelial cells. This suggests that fluid shear stress generated from mechanical loading-induced fluid flow might be one of the major mechanical stimuli that act on osteocytes. Indeed, numerous in vitro studies utilizing isolated primary osteocytes or established osteocytic cell lines (principally the mouse cell line MLO-Y4) have shown that fluid flow induces osteocytes to produce several physiologically relevant secondary messengers including ATP [41] , nitric oxide (NO) [42] , Ca 2? [43] , and prostaglandins [44] . Because the forces generated by flow are directly dependent on fluid flow rates, their magnitudes differ dramatically between the small-caliber canaliculi and the much larger lacunae. Fluid moving in the narrow canalicular space between the osteocyte process and bony wall (radial dimension of 50-100 nm [13] ) generates much higher fluid shear stresses than in a larger pericellular space in lacunae (0.5-1 lm [13] ) where fluid velocities are lower [29, 45] (like water flowing from a narrow garden hose versus water in a swimming pool). As a result, potential sensory mechanisms in osteocyte cell processes and cell bodies would necessarily be different.
With additional discoveries about the osteocytic pericellular environment and attachments over the last decade came further understanding of the effect of fluid flow on the other forces that acted on the osteocytic cell membrane and to novel insights into the likely nature of cellular mechanotransduction in situ. Weinbaum, Schaffler, and colleagues posited that ''tethering'' of osteocyte process membranes to canalicular walls would produce both drag forces and radially directed strains in the cell membrane in response to interstitial fluid flow [46, 47] . Critically, they predicted these membrane strains to be much greater than the applied tissue-level strains. Several key pieces of experimental evidence support this model. (1) Ultrastructural studies showed that osteocyte processes contain a regular array of bundled microfilaments typical of the actin filaments observed in cell processes (Fig. 1a) , and this actin bundled within osteocyte cell processes is highly rigid compared to the cell body [13] . (2) Additional electron microscopic evidence identified transverse tethering elements spaced regularly along the osteocyte processes and linked them with the canalicular walls through the pericellular space [13] . Recent data suggest that perlecan is a likely candidate for these tethers [14] (Fig. 1b) . (3) Immunohistochemical evidence also indicates that osteocyte processes contain CD44 [15] , a transmembrane protein whose extracellular domain is a receptor for HA and whose intracellular region links to actin cytoskeleton [48] . Certain cell-associated proteoglycans (i.e., syndecan, heparan sulfate) have core proteins that span the plasma membrane and exhibit intracellular signal transducing capability in endothelial cells [49, 50] , but their relevance to osteocytes is unknown. Intriguingly, in vitro evidence by Reilly et al. [51] indicates that cell-associated proteoglycans may have a specific role in osteocyte mechanotransduction. Enzymatic treatment of osteocytes in vitro to remove cell surface-associated proteoglycans eliminated the increase of PGE 2 production in response to fluid flow but did not abolish calcium signaling [51] .
In addition to transverse tethers, osteocyte processes also attach directly to canalicular walls. McNamara et al. [10, 52] found discrete ''hillocks'' protruding from canalicular walls and forming close contacts with osteocyte process membranes. Kamioka et al. [11] verified this finding by 3-D high-voltage electron microscopy, though their images suggested a more crest-like protrusion from the structures along the osteocyte processes (Fig. 1d) . The molecular nature of the direct attachments between the cellular process and bony wall has not been definitively established. However, several lines of evidence indicate that the attachments are mediated by b 3 integrins. McNamara et al. [10] demonstrated by immunohistochemistry that b 3 integrins in bone are found at discrete points between osteocyte cell bodies, suggesting a location on osteocyte processes (Fig. 1e) . In contrast, b 1 integrins were found only on the osteocyte cell bodies (Fig. 1c) . OPN, a bone matrix protein that interacts with b 3 integrins via its Arg-Gly-Asp (RGD) recognition sequence and with mineral crystals via acidic amino acids and multiple phosphorylation sites, has been identified on canalicular walls and seems the likely ligand for b 3 integrins in osteocyte processes [53] . OPN has also been considered a major ligand for b 3 integrins in osteoclasts, mediating their binding to bone surfaces during resorption [54] . b 3 integrins have also demonstrated the ability to transduce mechanical signals in several cell types [55, 56] including osteocytic cells in vitro [57] .
To investigate how the presence of direct integrin attachments along the osteocyte process would contribute to Weinbaum's original strain amplification theory, Wang et al. [52] mathematically modeled the mechanical effects of direct contacts between osteocyte processes and canalicular walls via rigid ''spot-welds'' in combination with flexible proteoglycan tethers. They found that membrane strains at the integrin attachments were an order of magnitude larger than the radial strains from tethering elements predicted from previous mathematical models and two orders of magnitude greater than whole-tissue strains. In other words, focal attachments between the cell process membrane and the bony wall provided additional sites with even greater membrane strain amplification. Because of this strain amplification complex, tiny forces (1-10 pN) can produce membrane strains of 5,000-10,000 le at the attachment sites, which are the levels of membrane strain known to trigger calcium influx and initiate biological signals in a wide range of connective tissues [39] .
As noted previously, the osteocyte processes are much more rigid than the cell body due to their tightly crosslinked actin bundles, a feature which predicts increased mechanosensitivity of these processes compared to the cell bodies in response to fluid stress [58] . Wu et al. [58] recently confirmed this regional difference in mechanosensitivity within a cell using a novel fluid stimulus probe. They found that loads of 1-2.3 pN applied to osteocytic processes in vitro evoked calcium signaling, while similar loads applied to all bodies caused no response. This combination of mathematical prediction and experimental findings suggests that the osteocyte processes are substantially more sensitive to mechanical forces/deformation than the cell body.
The observation that b 1 and b 3 integrins appear to localize on discrete regions of osteocytes that differ in mechanosensitivity suggests that the two integrins also have distinct mechanical functions. This is an intriguing finding since b 1 integrins, which comprise the largest and most diverse integrin family, have also been shown to transduce mechanical signals in a wide range of cell types [59, 60] . However, mice with a conditional knockout of b 1 integrins in osteoblast-lineage cells displayed no skeletal differences from their wild-type counterparts unless they were challenged with acute disuse or 3 days of cyclic loading [61] . These findings raise the possibility that b 1 integrins in osteocytes may play only a minor role in mechanotransduction during normal ambulatory loading in both growing and adult skeletons. To date, no conclusive in vivo data have been presented to indicate a major role for osteocytic b 1 integrin in mechanical sensing and transduction.
Other investigators have hypothesized that the osteocyte cell body may have another method of sensing mechanical strain in vivo. Nicollela and colleagues argued that the complex microarchitecture of the osteocytic perilacunar space can give rise to very high local strains under physiological loading [62] . However, in vivo experimental data supporting this hypothesis are limited. Other investigators have suggested primary cilia as another candidate for mechanosensation and mechanotransduction. Primary cilia are microtubule-based organelles that protrude beyond the surface of many eukaryotic cells but have no role in cell motility. Rather, they sense and transduce chemical and fluid-flow mechanical signals [63] . A recent study by Malone et al. [64] demonstrated the presence of primary cilia on MC3T3-E1 osteoblasts and MLO-Y4 osteocytes in vitro, which led the authors to posit that primary cilia in osteocytes and osteoblasts may be required to mediate both osteogenic and pro-osteoclastogenic responses (COX2 upregulation and lowered OPG/RANKL ratio, respectively) to fluid flow. However, some questions remain to be addressed concerning primary cilia as mediators of skeletal mechanotransduction, particularly in osteocytes. First, primary cilia lengths range from 2 lm in chondrocytes [65] to 30 lm in kidney epithelial cells [66] . This length is necessary for the primary cilia to deflect under fluid flow (i.e., short cilia are too rigid to deflect). The perilacunar space between osteocyte cell bodies and the lacunar wall is less than 1 lm [67] , which is simply not enough space for primary cilia to function as effective sensors of fluid flow within the confined spaces of lacunae as they do elsewhere. Second, bones from mice in which primary cilia were deleted from osteoblasts and osteocytes by knocking out Kif3a (a subunit of the kinesin II intraflagellar transport protein responsible for primary cilia formation and function) exhibited largely normal skeletal phenotypes. Some attenuation of responsiveness to experimental high-force mechanical loading was observed, but the extent to which this reflects changes in osteoblasts or osteocytes is unknown. Finally, patients with polycystic kidney disease (PKD) have dysfunctional primary cilia due to genetic mutations of polycystin 1 (PKD1) and polycystin 2 (PKD2) [68] also show no abnormalities in skeletal phenotype [69] . This lack of change in skeletal phenotype is also demonstrated in PKD1 and PKD2 knockout mouse models [70, 71] .
In summary, growing evidence has clearly established the osteocyte and its network as the principal mechanosensory element in bone. In the scenario developed by Weinbaum and colleagues and more recently Kamioka et al., the sensitivity of osteocytes to mechanical stimuli appears to result from a distinctive anatomy, in particular its rigid dendritic processes relative to its cell body, and from structural features of its pericellular environment. However, a possible role of primary cilia and focally elevated lacunar strains has also been proposed. In all of these instances, fluid flow through the LCS is the primary mechanical stimulus. Still, numerous questions remain about osteocyte mechanotransduction, in particular the nature of intracellular signaling pathways activated by the sensing mechanisms and the way osteocyte networks act to integrate these signals leading to appropriate modeling or remodeling responses.
Osteocyte Communication
Although osteocytes live in highly restricted circumstances, they do not exist in isolation. Rather, osteocytes exist in networks that allow them to communicate with each other and with other cells on bone surfaces. Each network is a functional syncytium, not a true syncytium, which refers explicitly to a ''multinucleated mass of cytoplasm that results from the fusion of cells'' [72], like muscle cells, osteoclasts, and slime molds. Thus, the term ''osteocytic syncytium,'' while growing in popularity, is incorrect. Communication within the osteocyte network is important for effective integration of both local and global stimuli (e.g., mechanical load), while communication to surface cells is essential for osteocytes to relay sensory inputs from within the bone to bone surface sites where bone resorption and formation are initiated. Osteocytes use several mechanisms, both direct (gap junctional intercellular communication) and indirect (paracrine signaling) communication, to accomplish these signaling tasks.
Direct Cell-Cell Communication
Where osteocytes connect to their neighbors, at the ends of their dendritic processes, they form gap junctional connections that render their cytoplasms continuous, allowing the movement of molecules \1 kDa and the transmission of electrical potential within the osteocytic network (i.e., the functional syncytium). Among the molecules that pass through gap junctions are monovalent and divalent mineral ions (Na ? , K ? , Ca 2? , Mg 2? ), nucleotides, and other lowmolecular weight signaling molecules like inositol phosphate and cyclic nucleotides. Doty was the first to observe that osteocytes are connected to each other via gap junctions in vivo [12] , while Marotti and co workers [73] demonstrated that this form of communication exists between osteocytes and osteoblasts, bone lining cells, and even beyond to the endothelial cells of the bone capillaries.
Gap junctions are transmembrane channels formed by the linkage of two membrane protein complexes (termed ''connexons'' or ''hemichannels'') on adjacent cells. Each connexon consists of a hexamer of transmembrane proteins (connexins) that form a pore. The most abundant of these proteins in bone is connexin 43 (Cx43), although others such as connexins 45 and 46 are also present [74] . The association between two opposing connexin hemichannels to form a functional gap junction is noncovalent and reversible.
Much of our knowledge about gap junctions in bone cells, particularly at the mechanistic level, originates from in vitro studies since cells in culture express connexins, form hemichannels, and establish gap junctions when in contact. Yellowley et al. [75] were the first to identify the existence of functional gap junctions between MLO-Y4 osteocyte-like cells and their abundant expression of Cx43. In response to fluid shear stress in vitro, MLO-Y4 osteocyte-like cells redistribute Cx43 from the cytoplasm to the cell surface [76] and enhance osteocytic intercellular communication by increasing overall Cx43 expression [77] .
Functional analysis of gap junctions, both in vivo and in vitro, frequently relies on the use of antagonistic drugs such as carbenoxolone or mefloquine [78] . There are certain caveats to the use of channel-blocking drugs since they may act upon more than one type of channel and their selectivity may vary depending on the concentration used. More recently, efforts to understand the role of Cx43 in osteocyte communication and mechanotransduction in vivo have utilized different strategies based on the development of transgenic mice with cell-selective deletions in Cx43. Civitelli et al. [79] and Donahue et al. [80] created transgenic mice where Cx43 was ablated at different points within the osteoblastic and osteocytic lineage. Both strains generally exhibited normal skeletal growth and development, but each differed from wild-type mice in its response to mechanical challenge [81] [82] [83] . These alterations in mechanoresponsiveness suggested a role for Cx43 gap junctional communication in regulating communications among osteocytes, osteoblasts, and osteoclasts during bone modeling and remodeling.
The fact that osteoblast-and osteocyte-specific deletion of Cx43 proteins did not lead to major deficiencies in bone formation and resorption does not necessarily rule out an important role for gap junctions in preserving osteocyte connectivity and communication. In astrocytes, for example, loss of Cx43 function results in compensation by other connexins [84] . Civitelli and colleagues also reported an increase in Cx45 protein expression in calvarial Cx43-null osteoblasts, suggesting that Cx43 function in osteocytes may also be compensated by other connexin proteins [85] . Currently, a detailed analysis of osteocyte connectivity in Cx43-deficient mice has not been reported.
Paracrine Signaling by Small (Short-Range) Metabolites
Aside from direct cell-to-cell contact, osteocytes have been shown in vitro to communicate with other osteocytes and bone cells via delivery of small signaling molecules (i.e., metabolites like prostaglandins, NO, and ATP) over a short distance through the extracellular fluid. In this context, two types of membrane channels permitting movement of such signaling molecules between the cytoplasm and the extracellular space have received particular attention: hemichannels and pannexin channels. In vitro studies on osteocytes indicate that hemichannels, which are nonjunctional connexons (essentially half of a gap junction), can exist on cell surfaces and function in molecular transport. In low-density (no cell contact) cell culture systems that have few gap junctions, osteocytes have been shown to increase prostaglandin E 2 (PGE 2 ) expression, ATP release, and cell surface expression of Cx43 after fluid flow treatment [41, 44] . Furthermore, application of fluid shear stress on osteocytes also promotes PI3 K signaling, which leads to the binding of integrin a 5 to open Cx43 hemichannels [86] . These studies demonstrate a possible mechanism for hemichannels to aid in osteocytic communication via autocrine/paracrine signaling in response to mechanical stimuli. However, it should be noted that integrin a 5 partners exclusively with b 1 [87] , so its actions would likely be restricted to osteocyte cell bodies in vivo. Moreover, the importance of osteocytic hemichannel function has been questioned since all studies to date have been performed in vitro, while in vivo hemichannel function in other systems, such as brain [88] , heart [89] , and astrocytic neurons [90] , remains controversial. Thus, the role of hemichannels in osteocyte-osteocyte communication in situ has yet to be established.
Pannexin channels are nonjunctional membrane channels in vertebrates that have a sequence homology to the proteins that form gap junctions in invertebrates (the ''innexins'') [91] . Critically, vertebrate pannexin channels exist only in an uncoupled form-unlike connexin-based channels, they do not form cell-cell junctions. Pannexins exist in a wide range of cells in situ [92] and have been demonstrated to regulate the movement of paracrine signaling molecules between intracellular and extracellular spaces [93] , arguing that they are a more likely mode of autocrine/paracrine signaling among osteocytes than Cx43 hemichannels [92] . Recent data demonstrate that pannexin 1 (Panx1) channels are mechanically sensitive [94] and that association of Panx1 channels with purinergic P2X 7 receptors (P2X 7 R) aids in ATP transport from the cell to the extracellular space [92] . While pannexin channels have not yet been reported to function in osteocytes, Panx1 channels are known to play a role in ATP release by osteoblasts.
Paracrine Signaling by Macromolecules
Osteocytes both secrete and respond to a variety of macromolecular signaling molecules. Among the macromolecules produced by osteocytes are sclerostin (24 kDa), FGF23 (32 kDa), and RANKL (20-30 kDa), while those for which osteocytes express receptors include PTH/PTHrP (ca. 9 kDa). These signals and others will be discussed in later sections (see sections on ''Osteocyte-Osteoblast Communication'' and ''Osteocyte-Osteoclast Communication'') in the context of their physiological functions. However, we note here that the use of large signaling molecules by osteocytes has often been viewed as surprising, given the spatial constraints of solute movement through the LCS. Few, if any, in situ demonstrations of macromolecular signaling to and from osteocytes in vivo have been provided. Macromolecular signaling by osteocytes has usually been inferred from histochemical demonstrations of the signaling molecules or their receptors in osteocytes at the gene or protein level or more recently by functional analysis of osteocyte-specific conditional knockouts produced by Cre-lox technology [95, 96] . In any event, the size range of most macromolecular signals makes it likely that they will require mechanical loading-induced convective fluid flow for effective transport through the LCS.
In summary, osteocytes are known to transfer small signaling molecules to each other and other bone cells directly via gap junctions or indirectly via hemichannels or pannexin channels. Although in vitro data suggest that hemichannels and pannexins aid in osteocyte autocrine/ paracrine signaling, in vivo validation is required to elucidate their physiological significance. Osteocytes can also communicate via secretion of macromolecules, which require mechanical loading-induced interstitial fluid flow to assist in their transport to their target cells.
Osteocyte-Osteoblast Communication
Osteocytes communicate with osteoblasts and lining cells at bone surfaces by direct (gap junctions) [12, 97] and by indirect (extracellular paracrine) signaling pathways. In each case, signal transmission is subject to the same constraints discussed previously: size of the signaling molecule, gap junctional selectivity, interstitial fluid flow patterns, and resistance of the pericellular matrix. In addition, the spectrum of signaling molecules utilized by osteoblasts and osteocytes is similar, undoubtedly reflecting their close developmental relationship. Among the signals common to osteocytes and osteoblasts are small molecules often considered ''ubiquitous'' in cell physiology, like NO, nucleotides/nucleosides, prostanoids, as well as larger peptides such as insulin-like growth factors (IGFs). Osteocytes also express the PTH/PTHrP receptor, indicating that these entombed cells can respond not only to a local paracrine factors but also to the endocrine regulator PTH [95] .
Investigations of paracrine signaling from osteocytes have focused on anabolic signals produced by osteocytes in vitro and in vivo and found to be enhanced by mechanical stimuli. These investigations were consistent with the concept of bone adaptation in response to mechanical demand [32] . Cyclic AMP (cAMP) [98] and PGE 2 [99] were early signaling molecules shown to be upregulated by mechanical loading of bone cells. Prostaglandin production in bone tissue is also stimulated by mechanical loading in conjunction with increased expression of cyclooxygenase-2 (COX-2) [100, 101] , the inducible form of the enzyme that converts fatty acids into prostanoids [102] . Similarly, osteocytic cells in vitro were shown to increase COX-2 expression and prostaglandin production in response to diverse mechanical stimuli including fluid flow [103, 104] , substrate deformation [105] , and hydrostatic pressure [34] . Of the prostaglandins, PGE 2 is the most extensively studied with respect to bone anabolic effects, although prostacyclin (PGI 2 ) has also been reported to have similar actions [106, 107] . Sorting out pathways of prostaglandin signaling between osteocytic and osteoblastic cell populations presents problems, particularly in situ, since both osteoblasts and osteocytes produce prostaglandins. Moreover, osteocytes and osteoblasts appear to express different subsets of prostaglandin receptors. Both osteoblasts and osteocytes express EP 4 receptors, but a second class, EP 2 receptors, are found only on osteocytes [108] . The functional significance of this difference is not clear.
NO is another mechanical loading-induced anabolic molecule produced by osteocytes [109] . NO is synthesized by a family of nitric oxide synthases (NOSs), including the endothelial, inducible, and neuronal isoenzymes (eNOS, iNOS, and nNOS respectively) [110, 111] . NO has a biphasic effect on osteoblastic activity: low concentrations promote osteoblast proliferation and differentiation, while high concentrations have been reported to promote osteoblast apoptosis in vitro [112] . Osteoblasts derived from singly defective eNOS, iNOS, or nNOS mice demonstrate enhanced NO production in response to mechanical stimuli [113] , Mice with defective eNOS [106] or nNOS [114] also display altered skeletal phenotypes compared to wild-type mice; however, whether they result from changes in osteoclasts, osteoblasts, or osteocytes in situ remains to be established. Both prostaglandins and NO have half-lives on the order of seconds, and thus, their actions are limited in range [115] . Their rapid secretion after mechanical loading and their anabolic effects on osteoblasts are consistent with this short-range action. However, this behavior suggests that if osteocytes utilize these molecules to regulate osteoblasts, then only the osteocytes closest to bone surfaces are involved in signaling or some mechanism must be available to propagate the signals throughout the osteocyte network. To date, such a propagation mechanism has not been established.
IGF-1 is a well-established anabolic regulator of bone growth in vivo [116] . A principal mediator of growth hormone (GH) actions on skeletal growth, IGF-1 and its binding proteins are produced by a wide range of connective tissue cells that act as a local regulator independent of GH. Osteocytes express IGF-1, and conditional knockout of IGF-1 from mouse osteocytes leads to severe impairments to longitudinal and periosteal bone growth and development of thinner calvarial bone [117] . In addition, osteocytic expression of IGF-1 is mechanically sensitive as mechanical loading on rat tail vertebrae leads to an increase in trabecular and cortical osteocytic IGF-1 mRNA as early as 6 h after mechanical loading [118] . Four-point bending of rat tibiae also increases osteocytic IGF-1 mRNA expression, which corresponds to an increase in endosteal bone formation [119] .
While osteocytes can stimulate osteoblastic activity by the mechanisms described above, some of their most dramatic actions on osteoblasts are inhibitory. Osteocytes are the major producers of sclerostin (the protein product of the SOST gene) [120] , although osteoclasts and chondrocytes have also been reported to secrete sclerostin in aged mice [121, 122] . Sclerostin antagonizes the canonical Wnt signaling pathway, which is the major driver of osteoblast bone formation. In brief, sclerostin binds to members of a Wnt coreceptor family, the lipoprotein receptor-related proteins (LRP4, LRP5/6), thereby limiting their ability to interact with Wnts and their coreceptor Frizzled (Frz) [123, 124] . Osteocytes also produce dickkopf-1 (DKK-1), another inhibitor of the Wnt signaling pathway that binds Lrp4 [124] and Lrp5/6 coreceptors to inhibit canonical Wnt signaling and downstream bone formation [125] . Although mechanisms of interaction between sclerostin and DKK-1 are not fully understood, they can act synergistically to inhibit osteoblast activity. Sclerostin and DKK-1 do not bind simultaneously to LRP5/6 coreceptors, and DKK-1 can displace sclerostin from previously formed sclerostinLrp5 complexes [126] .
Mechanical loading decreases expression of both sclerostin and DKK-1 expression in association with increased bone formation [127, 128] , whereas unloading increases osteocytic secretion of these proteins and inhibits bone formation [129] [130] [131] . Of particular note, sclerostin is the only paracrine regulator of osteoblastic activity whose expression in osteocytes was found to be directly proportional to mechanical strain in bone [128] . Taken together, these results support the concept that osteocytes, largely through sclerostin, play a major role in determining the size and shape of bone by limiting its expression of paracrine factors based on their ability to sense and respond to mechanical demands.
Recognition that sclerostin acts as a negative regulator of bone formation but has no effects on resorption has made it an attractive therapeutic target, particularly as a bone anabolic agent. Specifically, monoclonal antisclerostin antibodies have been shown to activate bone formation in both animals [132, 133] and humans [134] . Initial human clinical trials of the monoclonal sclerostin antibody (AMG-785) demonstrate that AMG-785 treatment significantly increases bone mineral density (BMD) up to 5.3 % in the lumbar spine and 2.8 % in the hip [134] . These increases in BMD are comparable to those achieved by PTH and bisphosphonate therapies that are currently used to treat osteoporosis [135] . The success of monoclonal antibodies directed against an osteocyte product is particularly intriguing since antibodies, even monovalent Fab antibody fragments, are too large to enter the LCS even with convective flow [19] . While antibodies might gain limited access to young osteocytes and their secretory products at sites of bone formation where the matrix has not yet mineralized, this suggests that AMG-785 must interact with sclerostin at or near the surface of bone.
In summary, osteocytes communicate with each other and cells within the osteoblastic lineage (i.e., osteoblasts and lining cells) by direct cellular contact via gap junctional signaling and by paracrine signaling. Osteocytes produce macromolecules (e.g., IGF-1, sclerostin) as well as small molecules (e.g., PGE 2 , NO, nucleotides) that act as regulators of osteoblast activity. In addition, production of many of these paracrine signals is subject to regulation by mechanical stimuli, often in a manner consistent with demonstrated anabolic and catabolic actions of mechanical load. Thus, mechanical loading upregulates expression of factors with demonstrated anabolic actions on osteoblasts (PGE 2 , PGI 2 , NO, and IGF-1), while reduction or absence of mechanical load downregulates those factors but upregulates osteoblast inhibitors like sclerostin (Fig. 2) . The relationship between sclerostin expression by osteocytes and osteoblast activity under varying conditions of mechanical load has been especially well established, supporting the concept that this osteocyte product is a major mediator of mechanically regulated bone formation. These findings have led to early clinical successes in the development of bone anabolic agents.
Osteocyte-Osteoclast Communication
Osteocytes regulate bone resorption as well as formation. However, elucidating the communication pathways between osteocytes and osteoclasts (and their progenitors) has proved less straightforward than for osteoblasts and uncovered some initially unexpected regulatory relationships. The idea that cells buried within bone can control the recruitment and subsequent differentiation of hematopoietic osteoclast progenitors at bone surfaces was first proposed by Frost and coworkers [136, 137] in the early 1960s. As we describe below, subsequent experimentation validated this concept and established several key elements of the signaling pathway, including a consistent, obligate link between osteocyte death (specifically apoptotic, or regulated, death) and the initiation of bone resorption. While this was a surprising finding, it is not a unique circumstance within the skeletal system. Cell death is also coupled to resorption in the growth plate, albeit the dying cell in that case is the hypertrophic chondrocyte [138] .
Noble and colleagues [139] were some of the first investigators to associate the presence of apoptotic osteocytes with areas of high bone turnover in normal and pathological bone. Verborgt et al. [140] made similar observations as apoptotic osteocytes were found to colocalize with areas of osteoclastic bone resorption in fatiguedamaged bone, suggesting that apoptotic osteocytes may serve as beacons for targeted osteoclast remodeling. Indeed, osteoclasts have been shown to engulf apoptotic osteocytes [141, 142] , thus establishing the fact that osteoclasts are capable of removing damaged osteocytes from a remodeling site. However, these studies did not establish a causal relationship between osteocyte cell death and osteoclastic resorption, nor did they discern whether osteocyte cell death preceded osteoclastic activity or resorption by osteoclasts led to osteocyte cell death.
Bentolila et al. [144] developed a fatigue-loaded rat ulnae model based on the in vivo ulnar loading model by Lanyon and Torrance [143] . In the ulnar fatigue model, intracortical resorption is activated 10-14 days after microdamage induction. Verborgt et al. [140] used this model to study the relationship between osteocyte apoptosis and osteoclast resorption and found that osteocyte apoptosis occurs as early as 1 day after fatigue loading, thus supporting the hypothesis that osteocyte apoptosis precedes the onset of osteoclastic bone resorption. Definitive demonstration of a causal relationship between osteocyte apoptosis and initiation of microdamage-induced bone resorption was provided by Cardoso et al. [145] , who showed that preventing osteocyte apoptosis with a pancaspase inhibitor led to complete abrogation of the osteoclastic remodeling response. Subsequent studies demonstrated that bone resorption induced by estrogen deficiency (ovariectomy) [146] and disuse (hind limb unloading) [147] were also preceded by localized increases in osteocyte apoptosis, which was completely prevented by blocking apoptosis with the pan-caspase inhibitor. Tatsumi and colleagues [148] also observed increases in osteocyte death and resorption in an osteocyte ablation mouse model but did not examine the nature of osteocyte cell death.
Taken as a whole, the data from the above studies point to osteocyte apoptosis as a principal trigger for osteoclast resorption and generated many hypotheses to explain how the loss of osteocytes causes osteoclast resorption. Many investigators speculated that loss of osteocytes results in a loss of inhibitory signals toward bone resorption [149] [150] [151] [152] . For instance, Maejima-Ikeda et al. [152] found that osteocyte homogenates isolated from chick embryo calvariae markedly inhibited osteoclast pit resorption. The authors also found a novel ''bone-resorption-inhibitory protein'' within the osteocyte homogenate with a molecular mass of 18.5 kDa, which was hypothesized to be responsible for the osteoclast inhibitory properties of the osteocyte homogenate. However, no subsequent studies identified this inhibitory protein. A later in vitro study by Heino et al. [151] suggested that osteocytes constitutively secrete inhibitory molecules such as TGF-b (25 kDa) that prevent osteoclastogenesis and osteoclast resorption. Gu et al. [150] also reported that the presence of live osteocytes in rat organ cultures inhibited osteoclast pit resorption, while devitalized bone promoted osteoclast activity in vitro.
While these studies are consistent with the hypothesis that osteocytes provide inhibitory signals to functioning osteoclasts, they do not address the issue of how osteocyte loss can trigger the initial stages of bone resorption. Bone does not contain a pool of differentiated osteoclasts for osteocytes to repress in a constitutive manner. Rather, osteoclasts must be produced on demand from monocyte precursors recruited from the circulatory system [153, 154] . The recruitment process involves several steps including the binding of precursor cells to endothelium and transmigration across both the endothelium and the layer of lining cells to the bone surface [155] . At that point the precursor cells differentiate into osteoclasts and begin to resorb bone in a directed fashion to reach the target region. The mechanisms that trigger localized endothelial activation and precursor cell transmigration are likely similar to those involved in leukocyte chemotaxis toward sites of inflammation [156] [157] [158] . Specific mechanisms by which osteocytes could activate endothelial cells and direct osteoclasts through bone are not well understood, but they have been speculated to involve production of factors that promote angiogenesis, endothelial activation, and osteoclastogenesis (e.g., VEGF, IL-6, and/or RANKL) [159, 160] . Further compelling evidence against the idea that osteocytes release bone from a resorption-repressed state is that osteocyte-deficient bone such as allograft does not resorb in vivo. Indeed, Shimizu et al. [161] showed experimentally that dying bone was a more effective substrate for osteoclastic resorption in vitro than bone in which cells had been killed by successive freezing and thawing. Ito et al. [162] showed that RANKL and VEGF impregnated into devitalized mouse allografts triggered extensive bone resorption, suggesting that bone itself (likely osteocytes) might be the source for pro-osteoclastic signals in vivo. Thus, these studies argue against the concept that the loss of osteocytes creates a permissive environment for resorption. Rather, proresorptive signals emanate from within bone itself, providing positive regulatory signals to initiate osteoclast activity in bone.
The ''essential'' proresorptive signal needed to trigger the differentiation of osteoclast progenitors is RANKL. Several studies have recently demonstrated that osteocytes are the dominant source for RANKL production in vivo [163, 164] . Nakashima et al. [163] demonstrated that transgenic deletion of osteocyte RANKL using a DMP promoter results in a severe osteopetrotic phenotype. Xiong et al. [164] observed similarly and further demonstrated that the BMDs of osteocyte-specific RANKL-deficient mouse bones were increasingly higher than those of wildtype controls up to 6 months of age. These observations indicate the importance of RANKL production by young (A) (B) osteocytes in the modeling and remodeling processes of growing bone. MLO-Y4 osteocyte-like cell cultures also constitutively express RANKL [165] , suggesting that these cells may model the behavior of young osteocytes in growing bone. In contrast, Kennedy et al. [166] and Kartsogiannis et al. [167] showed with both gene expression and immunohistochemistry that adult osteocytes produce little, if any, RANKL constitutively. A key feature underlying the causal link between osteocyte apoptosis and the initiation of bone resorption is that not all osteocytes die following a remodeling stimulus. Rather, in fatigue damage (the most extensively studied model), surviving osteocytes that surround microcracks express an active antiapoptotic response that includes upregulation of Bcl-2 [168] . This ''penumbra'' formation around apoptotic cells in a region of localized tissue damage is typically observed in cases of ischemia, e.g., in the heart [169] and brain [170] . Moreover, it is these immediately adjacent surviving nonapoptotic osteocytes, rather than the dying cells, that upregulate RANKL and downregulate constitutively expressed OPG [166] . The spatial extent of RANKL upregulation has been shown to be within a few hundred microns of the apoptosis zone [166] , which is far enough for RANKL signals to travel to the nearest endocortical/periosteal bone surface or vascular surface to which osteoclast precursors are recruited (Fig. 3) .
What remains poorly understood are the signals that apoptotic osteocytes use to alert their surviving neighbors and those that the surviving cells use to propagate RANKL upregulation through the network of osteocytes from regions of apoptosis to bone surfaces. As previously discussed, signaling throughout the network of living (surviving) osteocytes can operate through both direct (gap junctional) and extracellular paracrine mechanisms, subject to the constraints of molecular size, the presence or absence of junctions/pores, fluid flow, and the properties of the pericellular matrix within the LCS. Apoptotic debris and/or the release of inflammatory signaling molecules such as the alarmins (i.e., high mobility group box protein 1, HMGB-1) from apoptotic cells have been posited to activate nearby survivors. However, apoptotic debris is too large to travel through the LCS and is an unlikely candidate for effective communication within the osteocyte compartment. Kogianni et al. [171] demonstrated that apoptotic debris could stimulate resorption by existing osteoclasts in vitro, but there are no in vivo data that apoptotic debris cause activation of RANKL. Bidwell and colleagues [172] have shown production of HMGB-1 by apoptotic MLO-Y4 osteocyte-like cells and speculated that this factor might stimulate osteoclast formation, but these in vitro findings remain to be corroborated in vivo. Lastly, HMGB-1 release from apoptotic cells is a comparatively late phenomenon, associated with a terminal degradation of cells (also known as ''secondary necrosis'') that occurs 4-5 days after challenge [173] . In contrast, in vivo activation of RANKL signaling from osteocytes near apoptotic cells occurs within 24 h in the bone fatigue model [166] .
In addition to molecules capable of triggering RANKL upregulation, other paracrine signals have been identified in other tissues where local injury leads to the recruitment of phagocytic cells. These are divided into ''find-me'' signals and ''eat-me'' signals. Candidate ''find-me'' signal molecules include ATP [174] , membrane-derived lipids sphingosine-1-phosphate [175] and lysophosphatidylcholine (LPC) [176] , and CX3CL1/fractalkine [177] . Understanding of the apoptosis-driven production of these signals is currently quite limited. ''Eat-me'' signals consist of markers that apoptotic cells express on their external membrane surfaces de novo (e.g., phosphatidylserine and calreticulin). These signals trigger the engulfment of apoptotic cells by phagocytic cells, which only become relevant once osteoclasts reach the area of apoptosis (i.e. once the response is already well established).
In summary, current studies indicate that osteoclastogenesis and activity are regulated by osteocytes mainly via (A) (B) Fig. 3 Schematic summary of the role of osteocytes in triggering bone resorption. a Microcracks in bone caused by fatigue loading lead to highly localized osteocyte apoptosis (shown in white) surrounding the microcrack. b Recent studies show that surviving osteocytes immediately neighboring the region of apoptosis upregulate production of pro-osteoclastogenic signals (i.e., RANKL and others). This increase in RANKL signaling is caused by the osteocyte apoptosis, not the bone microdamage itself. Healthy osteocytes farther from the microdamage site do not produce osteoclastogenic signals. Osteoclasts are then recruited to resorb damaged and apoptotic osteocytes during the microdamage repair process paracrine signaling. It is now widely accepted that apoptotic osteocytes mediate targeted osteoclast resorption via RANKL. However, data suggest that dying osteocytes themselves do not produce the critical pro-osteoclastic cytokine RANKL but rather induce expression and/or secretion of inflammatory cytokines by neighboring healthy osteocytes. The mechanisms of communication between dying osteocytes and neighboring osteocytes that lead to osteoclast recruitment are currently unknown.
Osteocytes as Regulators of Mineral Homeostasis
Osteocytes have been considered as possible regulators of systemic mineral metabolism essentially since the contribution of the skeleton to mineral homeostasis was first appreciated. This consideration was based largely on the potential for mineral exchange throughout the LCS, which directly opposes the osteocytes and their processes and accounts for a tremendous amount of bone surface potentially available for rapid exchange. The surface area adjacent to osteocytes and their processes is estimated to be approximately 400 times greater than that of haversian and Volkmann's canals [97] and 100 times greater than trabecular bone surfaces [178] . Moreover, enlarged osteocytic lacunae and disrupted pericellular mineralized matrix that occurs during osteocytic perilacunar resorption (a phenomenon termed ''osteocytic osteolysis'' by Belanger in 1969 [179] ) had been previously described by von Recklinghausen in rickets and osteomalacia patients in 1910 [180] . Baud's early seminal electron microscopic studies on PTH-treated mice also demonstrated this phenomenon [181] . Local osteocyte-mediated exchange of mineral ions between bone and tissue fluid is also rapid compared with osteoclastic bone resorption. Recruitment of osteoclasts takes approximately 1 week, and it has been estimated that the amount of mineral released from osteoclastic resorption accounts for only approximately 0.1 % of the total serum mineral content [182] . The concept that osteocytes could act as effector cells controlling plasma calcium levels fell out of favor with the recognition that osteoclastic bone remodeling was a major target for regulation by calcitropic hormones (PTH, calcitonin, and 1,25[OH] 2 D 3 ) and was disrupted in a variety of metabolic bone diseases. The concept of osteocyte osteolysis became particularly contentious over the possibility of artifacts introduced by histological sectioning and histomorphometric methods. However, in recent years, interest in osteocytes as potential regulators of mineral metabolism has reintensified, particularly in circumstances of severe calcium demand such as lactation. For example, Bonewald and colleagues demonstrated osteocytic osteolysis using back-scattered electron microscopy, which reduced artifacts that had previously impeded accurate measurements of perilacunar bone loss [183] . Other evidence that osteocytes can modify their bony walls was recently reported by Sharma et al. [184] following rat ovariectomy. These observations provided strong evidence that some osteocyte perilacunar remodeling can also occur in stress states that are not calciumdriven.
Local Regulation of Mineral Homeostasis
While osteocytes lack the raw synthetic and degradative power of osteoblasts and osteoclasts, they possess several mechanisms to regulate the exchange of mineral ions between the matrix and interstitial fluid. These mechanisms were mentioned previously in the context of forming the LCS and maintaining its patency. Osteocytes have a modest capacity both to produce and to degrade the organic constituents of bone matrix. They require MMPs (in particular MT1-MMP) to establish a canalicular fluid space around their processes [7] . They produce other proteases as well (to be discussed below) and have been reported to express enzymes found in osteoclasts and functionally implicated in bone resorption (e.g., cathepsin K, tartrateresistant acid phosphatase [183] ). From a synthetic standpoint, osteocytes do not produce appreciable amounts of type I collagen. However, they synthesize several noncollagenous bone matrix proteins capable of interacting with mineral ions that modulate the formation and growth of bone mineral crystals. Among these matrix proteins are three small integrin-binding ligand, N-linked glycoproteins (SIBLING proteins)-OPN, DMP1, and MEPE-which have been shown to inhibit mineralization. McKee and colleagues demonstrated that the lamina limitans, a thin, nonmineralized matrix layer covering bone surfaces throughout the LCS and adjacent to osteocytes, contains more OPN than the surrounding mineralized matrix [185] . The expression of OPN in the osteocytic pericellular matrix is further enhanced in pathological conditions such as hypophosphatemic rickets [186] . The abundance of calcium-binding proteins like OPN in the lamina limitans suggests that osteocytes may maintain a loosely packed pericellular mineral compartment that can provide easily accessible mineral to keep up with the body's calcium and phosphate demands.
Global Mineral Homeostasis
While a local role for osteocytes in mineral metabolism via osteocytic osteolysis has a long history, much more recent findings have established a novel systemic role as well. The key finding was the identification of a molecule specifically localized to osteocytes by immunohistochemistry as PHEX (phosphate-regulating endopeptidase homolog, X-linked), the product of the hyp gene that is mutated in X-linked hypophosphatemic rickets (HYP) [187] . HYP is characterized by reduced renal tubular phosphate reabsorption, phosphate wasting, and skeletal deficiencies that include undermineralized osteoid, ''blurred'' microtrabecular architecture, and pseudofractures, which result in impaired mechanical properties and bone growth abnormalities [188] . Subsequently it has become clear that PHEX and other proteins synthesized by osteocytes (e.g., DMP-1, MEPE, and FGF23) act in concert not only to regulate skeletal mineral homeostasis locally but also to control serum phosphate levels globally by actions on the kidney. The most direct link between osteocytes and the kidney is provided by FGF23, a phosphaturic hormone produced by osteoblasts and osteocytes that acts on kidney tubule cells to suppress tubular phosphate reabsorption. Circulating FGF23 levels are elevated in HYP as well as in autosomal dominant hypophosphatemic rickets, a similar condition that results from a deficiency of DMP1 [189, 190] .
How deficiencies in PHEX and DMP1 contribute to elevated serum FGF23 levels and the other consequences of hypophosphatemia are not fully understood. However, studies using DMP1-deficient and DMP1/PHEX-double deficient mice indicate that PHEX and DMP1 appear to regulate FGF23 via a common pathway [191] . PHEX is a protease that binds to SIBLING proteins like MEPE, DMP1, and OPN via the acidic serine aspartate-rich MEPE-associated (ASARM) motif [192, 193] . In HYP, defective PHEX exposes MEPE for proteolytic cleavage of ASARM by cathepsin B proteases [194] . The resulting free ASARM peptides can act locally on bone to inhibit mineralization [193, 195] . Another consequence of PHEX absence in HYP patients and in mutant mice is diminished turnover of OPN in bone. The resulting accumulation of OPN in osteoid can also inhibit normal mineralization [186] .
Conclusion
Osteocytes are formidably multifunctional cells, with demonstrated capability to orchestrate virtually every aspect of skeletal metabolism from wholesale tissue modeling/remodeling to the exchange of mineral from bone surfaces. Osteocytes are able to sense and integrate both mechanical and chemical signals from their environment and to trigger appropriate responses from effector cells (i.e., osteoblasts and osteoclasts). The regulatory sphere of influence of osteocytes is broad, encompassing local (osteocytic osteolysis), regional (modeling and remodeling), and systemic (regulation of kidney function via endocrine signaling) processes. Many of the distinctive properties of osteocytes are a direct function of the unique environment they inhabit (i.e., buried within the mineralized matrix of bone). Living in a network of caverns has forced them to be dependent on fluid transport through the LCS for critical exchanges of nutrients, metabolites, wastes, and information. As a result, osteocytes are reliant on mechanical loading of bone to move fluids efficiently and have also developed exquisitely sensitive means to detect changes in tissue-level load based on differences in fluid flow through the LCS. Moreover, interacting with their neighbors only through a few contact points at the end of dendritic processes or by paracrine signaling through the LCS has constrained the ways in which communication throughout the osteocyte network may occur. The constraints of cavedwelling have not prevented osteocytes from having long lives, nor have they impaired their ability to communicate with neighbors or to influence homeostatic events both inside and outside of bone. The recognition that osteocytes possess such diverse capabilities has come from research whose range is equally diverse-from histology and imaging to cellular/molecular biology to experimental biomechanics to engineering-based modeling approaches. The challenges now are to define the mechanisms that underlie these capabilities and apply that knowledge to the prevention and treatment of skeletal disorders. Undoubtedly, continuing use of all these approaches will be required.
